In this work, we have studied the variable stars in the young open cluster NGC 1893 based on a multi-year photometric survey covering a sky area around the cluster up to 31 × 31 wide. More than 23 000 images in the V band taken from January 2008 to February 2017 with different telescopes, complemented with 90 images in the B band in 2014 and 2017, were reduced, and light curves were derived in V for 5653 stars. By analyzing these light curves, we detected 147 variable stars (85 of them being new discoveries), including 110 periodic variables, 15 eclipsing binaries and 22 nonperiodic variables. Proper motions, radial velocities, color-magnitude and two-color diagrams were used to identify the cluster membership of these variable stars, resulting in 84 members. Periodic variable members were then classified into different variability types, mainly according to their magnitudes and to their periods of variability, as well as to their positions in the Hertzsprung-Russell diagram for the early-type stars. As a result, among main-sequence periodic variable members, we identified five β Cep candidates, seven slowly pulsating B-type candidates, and thirteen fast-rotating pulsating B-type (FaRPB) candidates (one of which is a confirmed classical Be star). While most of the FaRPB stars display properties similar to the ones discovered in NGC 3766 by Mowlavi et al. (2013) , five of them have periods below 0.1 d, contrary to expectations. Additional observations, including spectroscopic, are called for to further characterize these stars. We also find a binary candidate harboring a δ-Scuti candidate.
INTRODUCTION
Open clusters provide ideal opportunities to simultaneously study a group of stars in gravitationally bound systems. Pulsating stars as members of the same open cluster provide a chance for cluster asteroseismology. When multiple pulsating stars are detected in the same open cluster, the fact that these pulsators should have the same initial chemical compositions, the same ages and almost the same distances to the Earth may bring important additional constraints for the determination of the best-fitted stellar models (e.g., Arentoft et al. 2005) . Simultaneously, cluster asteroseismology provides a method to estimate the properties of the clusters (e.g., Saesen et al. 2013) 
. As far as eclipsing binaries in
Corresponding author, e-mail: jnfu@bnu.edu.cn open clusters, since the stellar parameters of the binary components like the masses, radii, effective temperatures and luminosities can be obtained from very high precision observations, the measurements of the parameters of both the whole cluster and the individual stars get benefited.
In young open clusters (age ≤ 10 7 yr), low-mass stars are still in their pre-main sequence (PMS) stage while intermediate-and high-mass stars have already reached the main sequence (MS) phase of core H burning. The study of the photometric variability of young open cluster members provides additional key information on the star formation process and the properties of early-type MS stars, knowing that PMS and MS stars display specific variability properties depending on their spectral type and stage of evolution.
T Tauri stars (TTSs) are low-mass PMS stars with either periodic or non-periodic variations. Periodic variability 2 H. F. Xue et al.
in these stars is thought to be caused by rotational modulation of a star with asymmetric cool or hot spots, while non-periodic variability result from accretion and outflows (Herbst et al. 1994) . Compared with TTSs, Herbig Ae/Be stars have larger mass, which evolve towards the zero-age main-sequence (ZAMS) with hot or cool circumstellar dust or both, showing spectral type of A/B with emission lines (Waters & Waelkens 1998) . Most Herbig Ae/Be stars show photometric variations which are due to circumstellar patchy dust clouds or evolutionary effect (van den Ancker et al. 1998) . On the MS, early-type stars in young open clusters usually show variable lightness due to pulsations, grouped into different regions of instability strips in the HertzsprungRussell (HR) diagram. These include β Cep stars, slowly pulsating B (SPB) stars and δ Scuti stars (Gautschy & Saio 1996) . Be stars can show non-periodic variability due to the presence of a disk around them. Since they lie in the β Cep or SPB instability region in the HR diagram, they can also display periodic variability due to pulsation (Gautschy & Saio 1996) .
NGC 1893 (α=05:22:44, δ=33:24:42) is a Galactic open cluster immersed in the bright diffuse nebulosity of IC 410, which is associated with two pennant nebulae (Sim 190 and Sim 130) (Gaze & Shajn 1952) , and obscured by several conspicuous dust clouds. A substantial number of efforts have been made to determine its distance and age, which are listed in Table 1 . The distance modulus, reddening, distance and age presented in Table 1 are broadly consistent with each other. Sharma et al. (2007) presented a comprehensive multiwavelength study of NGC 1893, yielding a spread in reddening between E(B − V )=0.4 and 0.7 mag. They estimated the distance modulus V0 − MV = 12.56 ± 0.15 mag and found that the majority of the young stellar objects have ages between 1 and 5 Myr. Lim et al. (2014) derived a consistent reddening and distance with Sharma et al. (2007) , while they estimated the turn-off age of 1.5 Myr and the median age of 1.9 Myr from the PMS members with a spread of 5 Myr. With such an age, the members with spectral type A and later ones are always in their PMS stages.
U BV photometry and spectroscopy of the cluster were performed by Massey et al. (1995) , who listed the spectral type of 24 stars. Marco et al. (2001) and identified 50 likely members with the spectral type of O-F in NGC 1893 and confirmed 2 Herbig Be stars, 3 massive T Tauri stars, 2 Herbig A candidates, 1 Herbig B candidate. Caramazza et al. (2008) and Prisinzano et al. (2011) found that NGC 1893 is a very rich cluster with a conspicuous population of pre-main sequence stars and wellstudied main sequence cluster population. Lata et al. (2012) and Lata et al. (2014) identified more than one hundred variable stars in 13×13 arcmin 2 field of view (FOV) around the center of the cluster by multi-epoch V -band photometry taken over 16 nights from 2007, Dec to 2013, Jan. They classified these variable stars as either PMS variables or MS (β Cep, SPB, new class) variables.
The present paper provides the most extensive search for and study of the multi-type variable stars in the very young open cluster NGC 1893, and with the largest FOV observed to date (31×31 arcmin 2 ) and time-series photometry that span 9 years. Section 2 introduces our observations and data reduction. Section 3 describes the method used to search for periodic variables and estimate their cluster mem- Table 2 . The different FOVs are denoted with boxes and numbers, which correspond to the ID in Table 2 . North is up and east is to the left. bership in Sect. 4. The characteristics of these periodic variables are described in Sect. 5, while Sects. 6 and 7 present the eclipsing binaries and non-periodic variable stars, respectively, found in the cluster. Our results are compared with previous works in Sect. 8. At last, we present a summary in Sect. 9.
OBSERVATIONS AND DATA REDUCTION
Time-series photometry of NGC 1893 were taken using V filter with three telescopes from January 05, 2008 05, to February 23, 2017 , for a total of 72 nights and 23537 frames. The detailed log of the observations is given in Note: σ amp,V = σ V π/N V denotes the noise in the amplitude spectrum of the V light curve.
Palma, Canary Islands, Spain. All subsequent observations were carried out at the 50 cm or 85 cm telescope located at the Xinglong station, National Astronomical Observatories of China. Most of our observations were collected using the 85 cm telescope. It must be noted that three different CCD cameras were used on the 85 cm telescope between 2008 to 2017, as indicated in Table 2 . The exposure times were adjusted according to weather condition and height of the target on the sky. In the 2014 and 2017 campaigns, we alternated short and long exposures to focus on bright stars and faint stars, respectively, and we alternately took a small number of images in B and V bands for the color index analysis of the stars in the cluster. Figure 1 shows a CCD image with the different FOVs of the telescopes. Data pre-processing consisted in bias subtraction and flat field correction, using the IRAF 1 . For the Mercator run in 2008, bias images were taken in 8 nights among the 31 observation nights, while flat fields were taken every night. For the Xinglong observations, biases and flat fields were taken every night. The procedure of bias subtraction and flat field correction follows the method described in Sect. 4 of Saesen et al. (2010) .
The detailed procedure of data reduction was presented in Saesen et al. (2010) and Mowlavi et al. (2013) . Here, we only summarize the proceeding scheme. We use DAOPHOT 1 Image Reduction and Analysis Facility is developed and distributed by the National Optical Astronomy Observatories, which is operated by the Association of Universities for Research in Astronomy in Tucson, Arizona, USA, under operative agreement with the National Science Foundation. (Stetson 1987) and ALLSTAR (Stetson & Harris 1988) packages to extract the magnitudes of different stars on the frames. First, we use a template image with the largest FOV and the best seeing to make a master star list with the routine FIND. As some stars overlap in the template image but are distinguished in frames with higher resolution, they are added to the master star list. The total number of stars in the list amounts to 5653. Second, we convert the list to an instrument star list of a given telescope by transferring the coordinates of the list to the CCD images, providing thereby an exclusive number for every star in our observations. Third, the magnitudes of the stars in each image are calculated using a combination of aperture and point spread function (PSF) photometry. We choose the most appropriate number of reference stars for each group of observations listed in Table 2 , by comparing the photometric precision of stars based on the different sets of reference stars. Multidifferential photometry is performed to quantify the relative light variations of the measured stars and get an error estimate for each data point, using the chosen reference stars. The estimated error will be used as the weight in the subsequent frequency analysis to improve the signal to noise level. However, the errors on the data points from different instruments are not comparable due to the characteristics of the instruments. To calibrate the errors of data points, we use the relation described in Sect. 5.3 of Saesen et al. (2010) . For a given star i and image j, we have
where σmean,i is the noise in the time domain, i.e., the mean measured error of star i, and σamp,i is the noise in the fre-
(g) (h) (i) Figure 3 . The rms dispersion as a function of the instrumental magnitude of different instruments. Subfigures (f) and (h) are based on the short-exposure observations of groups 6 and 7, respectively. Subfigures (g) and (i) are based on the long-exposure observations of groups 6 and 7, respectively.
quency domain, i.e., the amplitude noise in the periodogram of star i. N is the number of measurements of star i. For each group of observations, we fit σmean and σamp by the least square method and use the fit coefficient as the scaling factor to calibrate the measured errors such as to satisfy Eq. 1. This procedure was applied to the Xinglong 85 cm observations, but was not needed for the Mercator and Xinglong 50 cm telescopes because their scaling factors derived from Eq. 1 were already close to unity (1.03 and 1.04, respectively). The comparison of the mean measured error and the amplitude noise in the periodogram for observations from Mercator is shown in Fig. 2 (a) as an example. For the other observation groups, the scaling factors range from 0.66 to 0.90. An example is shown in Fig. 2 (b) , that compares the mean measured error and the noise amplitude in the periodogram for the observations performed with the Xinglong 85 cm telescope in 2014, where we calibrated the measured error by applying the scaling factor of 0.88. The resulting error estimates of the observations performed with the different instruments become inter-comparable, and can be used as the weights of the data points. Fourth, the Sys-Rem algorithm developed by Tamuz et al. (2005) is used to remove the linear systematic effects for a large number of stars, in a way similar to Saesen et al. (2010, Sect. 5.4) . Finally, we follow the process of Mowlavi et al. (2013, Sect. 2 .2) to do star selection and light curve cleaning. The rms dispersion as a function of instrumental magnitude of different instruments is shown in Figure 3 . The instrumental magnitudes are transformed to the standard magnitudes using the catalogue provided by Lim et al. (2014) . We match our stars with the secondary standard stars from the catalogue. Then, the transformed relations are derived by linear fitting. For the instrumental magnitudes taken in Dec 11-17, 2014 with short-exposure mode, the relations are B = −3.24 + 1.051Bins
(2)
while the relations of long-exposure mode are Our procedure to search for variable stars follows the one described in Saesen et al. (2010) and Mowlavi et al. (2013) . In brief, we calculate generalized Lomb-Scargle periodograms (Zechmeister & Kürster 2009) 
, where the weight of each data point is set as the square of the error of the measurement. To calculate the signal-to-noise (S/N) of a frequency, the amplitude is taken as the signal and the mean amplitude after prewhitening the frequency as the noise. In order to account for the increasing noise level at lower frequencies, the width of the frequency interval used to compute the noise is taken equal to 1 d
. We pick the variable candidates which have at least one significant frequency with S/N above 4.0 (Breger et al. 1993) . Among the variable candidates, we disregard frequencies that appear repeatedly in several stars, within the frequency resolution δf , generally resulting from systematic effects. Then, we inspect the light curves of all other stars to identify missing eclipsing binaries and other non-periodic variables.
In total, 147 variable candidates are reported, consisting of 110 periodic variable stars, 15 eclipsing binaries, and 22 non-period variable stars.
Light curve combination
After having reduced independently each of the seven groups of observations listed in Table 2 , we have to combine the resulting light curves. The transparency instability of the atmosphere and/or the different sensitivities of the cameras between the different observation groups result in magnitude shifts that lead to low-frequency peaks in the periodograms.
We remove the magnitude shifts in the following way. We first calculate the periodogram of every variable candidate using the whole light curve that combines all multi-group observations, but excluding the observations with low photometric precisions, and we compute the residual pre-whitened light curves. For each group of observations, the mean magnitude difference between the observed and the pre-whitened light curve is then subtracted from the observed data. We adjust in this way the light curves obtained in each observation group, getting rid of the magnitude shifts. The adjusted light curves are then combined for each variable candidate.
Frequency analysis
The combined light curve is used to calculate the periodogram as described in Sect. 3.1, and pre-whiten the light curve. This is applied to all periodic variable stars automatically. The frequency search is stopped when the S/N value is smaller than 4.0. Figure 4 shows the spectral window function and the pre-whitening procedure for star 50 as an example of frequency analysis. The periods, amplitudes and S/N values of the detected periodic variables are listed in Table B1 .
3 Only independent frequencies are reported, thus excluding harmonic and alias frequencies. The errors of the frequencies and amplitudes were estimated with the Monte Carlo simulations, which were based on the simulated light curves produced by an addition of the observed data and a Gaussian distribution random variable obeying N (0, σ obs ) 4 (see Sect. 3 of Fu et al. (2013) ).
Among the 110 periodic variable stars, 74, 17, 10, 6, 2 and 1 stars have 1, 2, 3, 4, 5 and 6 independent frequencies, respectively.
CLUSTER MEMBERSHIP OF THE VARIABLE STARS
In the next subsections, we successively consider the proper motions, radial velocities, and multi-band photometry to identify the variable members. The relevant data collected from the literature are summarized in Table A1 .
Proper motion
Proper motions (PMs) are available for 3359 stars from a cross-match with the PPMXL catalog (Roeser et al. 2010 ). Cluster membership is estimated from these PMs using a maximum likelihood method derived by Tian et al. (1998) . The method estimates two frequency functions for each star i, φ P M c (i; µxc, µyc, σc) for the cluster (Eq. 8 of Tian et al. 1998) , and φ P M f (i; µ xf , µ yf , σ xf , σ yf , γ) for the field (Eq. 9 of Tian et al. 1998) . The parameters µxc, µyc, σc are the PM center and the intrinsic PM dispersion of cluster members, the parameters µ xf , µ yf , σ xf , σ yf are the PM center and the intrinsic PM dispersion of field stars, and the additional γ parameter is the correlation coefficient of the distribution of field stars. The distribution function of the ith star in the cluster is given by
where the normalized number of cluster stars nc and of field stars n f satisfy the relation nc + n f = 1.
Since the PM centers of the cluster and of field stars are similar, we set the cluster intrinsic dispersion σc to zero following the discussion in Sect. 3.1 of Balaguer-Núñez et al. (2004) . A maximum likelihood method is then used to determine the eight remaining unknown parameters (see Tian et al. 1998) . The results are listed in Table 3 . The PM membership probability Pµ of the ith star is then given by 
Radial velocity
Radial velocity (RV) data are found for 333 stars in NGC 1893 from the second release of value-added catalogues of the LAMOST Spectroscopic Survey of the Galactic Anticentre (LSS-GAC DR2) (Xiang et al. 2017) . The cross-match is performed using a 3 arc-second match radius, and only stars from the LSS-GAC DR2 catalog that have signal to noise ratios (S/N) in the blue band (4750 Å) larger than 10 are considered. We note that Gieseking (1981) has applied the frequency function method to the one-dimensional RV space to determine the RV membership probability. They assumed that the radial velocities of the field stars and the cluster stars satisfied two one-dimensional Gaussian distributions, respectively. Then the distribution functions of RV for the cluster stars φ
RV c
and the field stars φ RV f can be expressed, respectively, as,
where vi is the RV of the ith star and i the corresponding error. (vc, v f ) are the RV centers of the cluster and the field stars, respectively, and (σc, σ f ) are the intrinsic RV dispersions of the field stars and the cluster stars, respectively. So, the frequency function φ RV (i) and the RV membership probability Pv of the ith star are,
The five undetermined parameters (nc, vc, v f , σc, σ f ) are derived by applying the maximum likelihood method and listed in Table 4 . Table 5 lists the Pv values for 22 variable stars, while the RV data of the other variable stars are absent in the LSS-GAC DR2 catalog. We consider a star to be member of the cluster when the kinematic membership probability Pµ × Pv > 50% if both Pµ and Pv are available. When Pv is not available, we use the criterion Pµ > 50% to identify the member candidates.
CMD and TCD
We limit the study to the 147 variable stars detected in Sect. 3.1.
The V /B − V CMD of the variable stars is shown in Fig. 5 . It is constructed using the V and B values from the present work. For reference, solar metallicity ZAMS lines are plotted in the figure for two reddening values, of 0.4 mag (dashed line) and 0.7 mag (dotted line), in the range of reddening reported by Lim et al. (2014) and Sharma et al. (2007) for the cluster.
The U − B/B − V TCD is shown in Fig. 6 . Since we do not have measurements in U band, we take colours published in the literature, as available. We use U − B and B − V colours from Lim et al. (2014) for 101 of our variable stars, NGC 1893 7 Massey et al. (1995) for 19 additional ones. Solar metallicity ZAMS lines are also plotted in the figure for two reddening values. Fig. 7 . The JHK data of the 146 variable stars are taken from the 2MASS catalogue (Cutri et al. 2003 ) and converted to the California Institute of Technology (CIT) system using the relations provided by Carpenter (2001) . Fig. 7 ) are used to identify membership of the stars that lack PM or RV data. First, the stars who have deflected positions in these CMD and TCDs are excluded from the list of members. We then follow the criteria suggested by Lim et al. (2014) to distinguish MS and PMS stars: members with V ≤ 16 mag, 0.0 mag ≤ B − V ≤ 0.6 mag, and −1.0 mag ≤ U − B ≤ 0.5 mag are classified as MS stars, and the other members that locate in Fig. 7 close to the upper part of the MS branch (solid curve) or close to the 'T' and 'F' regions are classified as PMS stars. Three examples are shown in Fig. 8 . For star 1390 (upper plots in the figure), Pµ = 0.88 while no RV data is available. Its position in the J − H/H − K TCD is compatible with a potential member candidate with NIR excess, but its deflected position in the U − B/B − V TCD suggests it may not be a member. Star 50 (Pµ = 0.98, second line of plots in Fig. 8 ) is clearly a MS star of the cluster given its positions in the TCDs. The third example, star 2186 (Pµ = 0.87, bottom plots in Fig. 8 ), shows a PMS star due to its positions in the TCDs.
The membership analysis performed above can further be supplemented by spectroscopic data when available and necessary. displayed the spectrum of star 130 (their star S3R1N3) with strong Balmer emission lines and a very reddened continuum, and estimated its spectral type to be B0.5IVe. They considered it to be almost certainly a Herbig Be star. We therefore classify it as a PMS star. The position of star 62 in the TCD is similar to that of star 130, which suggests it to be a Herbig Be candidate as well. The two Herbig Be candidates are marked with filled squares in the figures, and their folded light curves shown in Fig. B6 . Finally, we reject star 54 from the list of cluster members following the spectral analysis of , who find a F0III-IV spectral type for this star (their star S3R1N3).
In summary, we identify 27 MS members, 57 PMS members and 58 field stars among the variable stars, while we could not conclude on the membership of five stars (stars 25, 96, 271, 528 and 3219) . They are marked with specific symbols in Figs. 5 to 7, and flagged accordingly in Tables B1  (column 5) , C1 (column 3) and D1 (column 2) in the Appendix. Among the members, 25 MS and 37 PMS stars are periodic variable stars. 
PERIODIC VARIABLE MEMBERS
Excluding eclipsing binaries which are presented in Sect. 6, 110 stars are found to be periodically variable with significant frequencies. Based on the work presented in Sect. 4, 62 of them are members, with 25 MS members and 37 PMS members. From now on, we limit the study to these 62 members. Their periods and amplitudes are shown in Fig. 9 as a function of their V magnitudes, while the relation between amplitudes and periods is shown in Fig. 10 . The results in the figures are colour-coded according to the classification performed in this section. The classification of the MS periodic members is presented in Sects. 5.1 to 5.3, and PMS stars are adressed in Sect. 5.4. The results of the classification are also given in Table B1 .
For the 25 MS periodic variables, classification is performed based on their periods and magnitudes, as well as on their position in the HR diagram when possible. To estimate the location in the HR diagram, we follow the procedure based on the Q-method (Gutierrez-Moreno 1975) that enables to estimate the intrinsic color index (B − V )0 of early-type stars from their U , B and V magnitudes (also used by Lata et al. 2014) . The method computes the quantity Q = (U − B) − 0.72 (B − V ), from which the intrinsic color (B−V )0 is derived through (B−V )0 = 0.339 Q−0.007. It thus requires the knowledge of U , B and V magnitudes, which are available for 21 of our MS periodic variables. The effective temperature T eff is then derived from (B − V )0 using the relations provided by Torres (2010) . The absolute bolometric magnitude M bol , on the other hand, is computed from M bol = MV + BC taking a distance modulus V0 − MV = 12.7 ± 0.2 mag (Lim et al. 2014 ) and using bolometric corrections BC provided by Torres (2010) based on (B − V )0. The luminosity then follows using log(L/L ) = −0.4 (M bol − M bol, ). The uncertainties on T eff and log(L/L ) are estimated based on the U , B and V uncertainties and on the uncertainty of the distance modulus. The resulting locations in the HR diagram of the 21 MS periodic variables with available U , B and V photometry are shown in Fig. 11 .
β Cephei candidates
β Cep stars are pulsating early-type B stars with periods between ∼0.08 d and ∼0.3 d (Aerts et al. 2010) . The predicted location of their instability strip in the HR diagram is indicated by the solid line in Fig. 11 , as predicted by Miglio et al. (2007) for radial modes and non-radial p-and g-modes of degree 1 ≤ ≤ 3. Four of our periodic candidates NGC 1893 9 estimated their spectral types to be B4, B3, B2 and B2, respectively. This is consistent with the spectral types of Galactic β Cep stars catalogued by Stankov & Handler (2005) , in which the majority have B0 to B2 spectral types, with a few β Cep stars extending up to B5 type.
In addition to these four stars, we also classify star 58 (P = 0.21407 d, A = 2.5 mmag) as a β Cep star. Its effective temperature brings it slightly out of the β Cep instability strip (see Fig. 11 ), but its luminosity and B4 spectral type reported by Marco et al. (2001) are compatible with β Cep variables.
The five β Cep candidates are marked in green in Figs. 9 to 11, and their folded light curves are shown in Fig. B1 .
Slowly pulsating B candidates
Slowly pulsating B stars are pulsating with periods of the order of the day and up to a few days (Stankov & Handler 2005) . Their instability strip in the HR diagram is shown by the dashed line in Fig. 11 . It partly overlaps with that of β Cephei stars, and extends to fainter luminosities and cooler effective temperatures.
Seven stars (stars 40, 52, 55, 65, 149, 283, 327 ) locate in or very close to the SPB instability region with periods larger than 0.5 d. We consequently classify them as SPB candidates. They are marked with blue points in Figs. 9 to 11, and their folded light curves are shown in Fig. B2 . Marco et al. (2001) estimated the spectral types of stars 40, 55, 65, 149 and 283 as B2, B3, B5, B5 and B6, respectively, compatible with a SPB classification.
Fast-rotating pulsating B candidates
Degroote et al. (2009) and Mowlavi et al. (2013) reported the discovery of a new class of variable stars lying in the HR diagram between the red edge of SPB stars and the blue edge of δ Scuti stars, where no pulsation is predicted to occur based on standard stellar models. Degroote et al. (2009) found the new variable stars in CoRoT data and described them as cool, short-term (i.e. β Cep-like) candidate pulsators. Mowlavi et al. (2013) , on the other hand, discovered them in an open cluster, NGC 3766, providing thereby a stronger evidence of their position in the color-magnitude diagram relative to SPB and δ Scuti stars. A subsequent spectroscopic study of these objects enabled Mowlavi et al. (2016) to characterize them as fast-rotating pulsators. They consequently named these new variables fast-rotating pulsating B (FaRPB) stars. The characteristic signature of these objects is their short period (less than 0.55 d, clearly distinguishing them from SPB stars) while being fainter than β Cephei stars. In the sample of Mowlavi et al. (2013) , the periods range from 0.1 d to 0.55 d, with typical amplitudes between 1 mmag and 4 mmag. These authors found many of them between the SPB and δ Scuti instability strips, but they could lie in the SPB instability strip as well.
Given the properties mentioned above, we identify nine FaRPB candidates from their periods shorter than 0.5 d and with magnitudes fainter than β Cephei stars:
• six of them (stars 127, 212, 305, 338, 360 and 414) • the last one, star 182, is classified as a classical Be star by Marco & Negueruela (2002, their star ID S3R1N4) , with spectral type B1.5Ve. Its low-resolution spectrum shows a strong Hα emission line and a moderately reddened continuum.
These FaRPB candidates are shown in yellow filled circles in Figs. 9 to 11, except the classical Be star which is shown in black triangle. They are further discussed in Sect. 8.2.
Apart from these stars, there are four stars (stars 190, 240, 262 and 5269) in the magnitude range V = 13.5 -14.5 mag for which we could not find any data in the U band, and therefore could not estimate the positions in the HR diagram. They all have periods below 0.5 d, and we consequently classify them as FaRPB candidates. They are 
Pre-main-sequence variable stars
We find 37 PMS periodic variable stars in the cluster NGC 1893. In the V /B − V , U − B/B − V and J − H/H − K diagrams, most of them are fainter than 16 mag with infrared excess. The periods of these PMS variable stars range from 0.068 to 10.937 d and the amplitudes range from 1.3 to 177 mmag. They are marked with red points in Figs. 9 and 
ECLIPSING BINARIES
We discover 15 eclipsing binaries in the field of view of NGC 1893. Seven of them are members of the cluster. Based on the shape of their folded light curves, shown in Fig. C1 , we classify six of them as Algol-type (EA), four as β Lyraetype (EB) and five as W Ursae Majoris-type (EW) binaries. Their periods, memberships and classifications are listed in Table C1 .
One of the eclipsing binary candidates, star 2091 at V = 17.72 mag has a rich periodogram, as shown in Fig. 12 . The frequencies extracted from the successive pre-whitening procedure reveals five significant frequencies which are listed in Table 6 , three of them being independent. The first frequency (f1 = 0.5633 c/d) is associated to the orbital period of the binary system, which is actually twice the period extracted from the periodogram. The corresponding light curve folded with P orb = 3.55 d, shown in Fig. C1 , supports the binary nature. The additional clear signal at the high frequency of f3 = 5.0131 c/d, with harmonics detected at f2 = 2 f3 and f5 = 3 f3, likely originates from the pulsation of one of the companions in the binary system, that could be a δ Scuti star. We finally note a third independent frequency, at f4 = 0.7499 c/d, detected with a S/N of 4.6. The origin of this signal is unclear, and we would suggest additional photometric observations to conclude on it.
NON-PERIODIC VARIABLE STARS
From a visual check of the light curves, we identify 22 nonperiodic variable stars. They are listed in Table D1 . We classify the non-periodic variable stars in two categories. The first category, called irregular variables, comprises nine stars that show large-amplitude (above 1 mag) irregular variability over an observation time span of 90 days. These variations are detected from the observations done during the 31 nights of the first observation run listed in Table 2 , that span three months. Their light curves are shown in Figure D1 . Their large-amplitude irregular variations may be due to variable obscuration by circumstellar dust (Herbst et al. 1994 ). Among them, stars 2697, 2882, 2936, 4162, 4671 and 5158 are members of the cluster, and consequently classified as PMS irregular variable stars.
In the second category of non-periodic variables, we gather 13 stars for which the periodic nature cannot be checked due to an insufficient number of measurements. The stars are positioned far from the center of the cluster on the sky, and have been observed only during observation runs 6 and 7 (see Table 2 ). Figure D2 shows their light curves obtained each night during observation run 6, from the Xinglong 85 cm telescope in 2014. We label these stars as of unknown type. Among them, only one (star 197) is classified as a MS star of the cluster. The other ones (stars 441, 1069, 1098, 1301, 1961, 2640, 4056 and 4716) are classified as PMS stars of the cluster.
DISCUSSION

Comparison with previous works
Variable stars in NGC 1893 are mainly reported by Lata et al. (2012) and Lata et al. (2014) . These authors detected 157 variable stars in a 13 × 13 arcmin 2 FOV around the center of the cluster based on 16 nights of observations spread over about 5 years. We therefore compare in this section our results with theirs. In the same FOV, we find 99 variable stars, of which 62 stars are common to both works.
Among the 62 variable stars in common between our work and Lata et al. (2012 Lata et al. ( , 2014 , 48 stars are found to be periodic in both works, one star is found to be periodic in this work only, and 13 stars are reported to be periodic in Lata et al. (2012 Lata et al. ( , 2014 but not confirmed in this work. The periods of the subsample found to be periodic in both works are compared in Fig. 13 . Some stars are seen to have consistent periods between the two works, but some do not. It is not always easy to explain the differences, and additional NGC 1893 13 observations may be required in some cases. We nevertheless discuss here four examples, highlighted in Fig. 13 .
• Star 122 (V = 13.460 mag) has a period of 0.0609429 d in our work with an amplitude of 4.2 mmag. The signal is very significant in our time series, with a S/N of 16.2, and is clearly visible in the folded light curve shown in the top panel of Fig. 14. We however do not confirm the signal at 0.258 d found by Lata et al. (2014) (their star V154) with an amplitude of 8 mmag. Our light curve folded with their period, shown in the bottom panel of Fig. 14 , does not reveal a periodicity at this period.
• Star 283 (V=14.411 mag) has a period of 3.5162 d with an amplitude of 3.7 mmag (S/N=5.9) in our work, which is more than ten times longer than the period of 0.21 d found by Lata et al. (2014, their star V142) . The analysis of our time series reveals the star to be multiperiodic (see Table B1 ), with a additional short period at 0.385699 d (A=1.6 mmag, S/N=4.2) and a longer one at 5.989 d (A=2 mmag, S/N=4.1). The folded light curves are shown in Fig. B2 . It may thus be that the multi-periodic nature of the star combined with the relatively sparse observations of Lata et al. (2014) made the detection difficult in their time series.
• A similar conclusion may hold for star 3093 (V=18.33 mag). Two periods are detected in our time series, 8.5513 d (A=108 mmag, S/N=5.6) and 12.572 d (A=50 mmag, S/N=4.4), which are clearly visible in the folded light curves shown in Fig. B5 . Lata et al. (2012) , on the other hand, report only one period for this star (labelled V11 in their work) at 22.7 d. Their folded light curve shown in their Fig. 10 indicates a relatively small number of obser- (2014)) with period from Lata et al. (2014) . The blue points represent the observations of group 1 which have higher photometric accuracy than other groups. The dashed lines represent the amplitude of 0.019 mag reported by Lata et al. (2014) . One can see that the photometric variability amplitudes in our time series are smaller than the amplitude reported by Lata et al. (2014) .
vations, which may have prevented a correct identification of the periods of this multi-periodic star.
• Finally, the fourth example is star 962. It is an eclipsing binary with a period of 0.30612 d (see its folded light curve in Fig. C1 ). The period found by Lata et al. (2012) is 0.15 d (their star V14), i.e. half this period.
Apart from the 62 variable stars in common between our work and Lata et al. (2012 Lata et al. ( , 2014 , we find 37 variable stars in the FOV of Lata et al. (2012 Lata et al. ( , 2014 that are not reported by these authors. They are uniformly distributed across the FOV.
But we do not confirm the variable nature of 95 other stars that are reported to be variable by these authors. Some of them are too faint to secure a reliable variability detection in our time series (e.g. stars V5 and V27 in Lata et al. (2012 Lata et al. ( , 2014 with V =20.21 and 19.77 mag, respectively), and we do not consider them in our comparison. For many of the other ones, the photometric variability amplitudes in our time series are smaller than the amplitudes reported by Lata et al. (2012 Lata et al. ( , 2014 ). An example is given by star 409 (their star V98), of which our light curve folded with their period is shown in Fig. 15 , with the variability amplitude reported by these authors indicated by the horizontal dashed lines. We don't know what could be the origin of the variability reported by these authors, knowing that the epochs of their observations (2007) (2008) (2009) (2010) (2011) (2012) (2013) overlap with ours (2008-2017) . We note that at least some of the variable stars reported by them but not by us are close to a bright star. Additional precise observations would be required to further characterize the variability of these stars.
Outside the FOV of Lata et al. (2012 Lata et al. ( , 2014 , we discovered 48 new variable stars. In total, thus, we find 85 variable stars that have no counterparts in Lata et al. (2012 Lata et al. ( , 2014 . We consider these objects to be newly discovered variable stars, as indicated in the last columns of Table B1 , C1 and D1.
Variable star content of the cluster
Among the main sequence B-type variable stars that are members of NGC 1893, we identified in Sect. 5 five β Cephei stars, seven SPB stars and thirteen FaRPB stars. We highlight here some properties of the FaRPB stars detected in this study.
• Most of the FaRPB stars are close to the faint border of the SPB instability strip, with some of them inside the instability strip, but some outside, between the red edge of SPB stars and the blue edge of δ Scuti stars. This is in agreement with the stars being fast rotators (e.g. Salmon et al. 2014; Saio et al. 2017 ).
• The majority of them have periods between 0.1 d and 0.5 d, as found by Mowlavi et al. (2013) . However, five of them have periods smaller than this range, between 0.03 d and 0.07 d. They are located close to the faint border of the SPB instability strip. This is unexpectedly low compared to both previous observations and model predictions. We exclude them being δ Scuti stars given their magnitudes, because low-mass stars with an age of 1-5 Myr stars have not yet evolved to the MS stage (see Figure 10 of Palla & Stahler 1993) . Additional observations, including spectral characterization, would be required to further characterize these short period FaRPB candidates.
• One of the FaRPB star, star 182, which lies well inside the SPB instability strip, is a Be star, as certified by the presence of emission lines in its spectrum . We find it to be pulsating with a period of 0.1467416 d, in agreement with it being a FaRPB star rather than an SPB star. This supports the suggestion by Mowlavi et al. (2016) The young open cluster NGC 1893 is a challenging case to study the nature of variable stars, due not only to the high differential reddening observed in its FOV, but also because the cluster may have had more than one birth episodes, or a continuous, still on-going, star formation history. This was already noticed by and Marco & Negueruela (2003) from the presence of massive Herbig Ae/Be stars in the cluster. Our suggestion of the existence of an additional Herbig Be star, star 62 (see Sects. 4.3 and 5.4), would further support this view, if the PMS and Be natures of this star are confirmed by future spectra.
CONCLUSIONS
The young open cluster NGC 1893 is an active region which contains a lot of variable stars. In this study we analyzed more than 20 000 images taken over nine years, we detected 147 variable stars, including 110 periodic variable stars, 15 eclipsing binaries and 22 non-period variable stars. We used kinematic membership probabilities and CMD+TCDs to explore the cluster membership of these variable stars, resulting in 84 member candidates. These members are classified into periodic and non-period variable stars. The periodic variable stars cover main-sequence variables (β Cep, SPB, FaRPB stars) and pre-main-sequence variables. We potentially find a new Herbig Be candidate, that is to be confirmed by spectroscopic observations, and a binary candidate harboring a pulsating star, that would deserve additional observations.
The thirteen FaRPB candidates have, for most of them, properties similar to the ones highlighted by Mowlavi et al. (2013) in the open cluster NGC 3766. Moreover, one of the thirteen candidates in NGC 1893 is a known classical Be star, confirming its fast-rotating nature. However, five of them are found with periods smaller than 0.1 d, down to 0.03 d, which would raise new challenges for their understanding.
The detection and analysis of multi-type variable stars in NGC 1893 yield valuable samples for the study of cluster asteroseismology, the properties of B type pulsators, stellar parameters of eclipsing binaries and the star formation process. Future efforts of studying these samples, including multi-site time-series photometric observation campaigns and spectroscopic observations, may help to reveal the features of NGC 1893 and the nature of these variable members. Lata et al. (2012 Lata et al. ( , 2014 . The standardised B and V data are taken from the present work, the µα and µ δ data from the PPMXL catalog (Roeser et al. 2010) , the radial velocity data from Xiang et al. (2017) , the B − V and U − B data from Lim et al. (2014) , and the J, H, K data from the 2MASS point source catalogue (Cutri et al. 2003) . Zhang et al. (2008) , while L12 and L14 mean Lata et al. (2012) and Lata et al. (2014) , respectively. pp indicates that the variable star is detected in the present paper. Note: the eclipsing binary star 2091 hosting a pulsating companion is not reported here, but listed in Table 6 . Figure B1 . Folded light curves of the monoperiodic, biperiodic β Cep stars. For the multiperodic stars, the top panel shows the light curve with the dominant frequency and the subsequent panels from second to bottom show the folded residual light curves after subtraction of all preceding frequencies. The period used to fold the light curves is written in the lower right corner of each panel. The observations of groups 1, 2, 3, 4, 5, 6 and 7 (the group number refers to the observation run IDs listed in Table 2 of the main body of the text) are respectively represented in blue, black, red, cyan, yellow, green and orange. The error bars represent the mean errors of the measurements. The mean V magnitude has been subtracted from the light curves. The title of each subfigure mentions the star number in the present work and its V magnitude. Figure B2 . Same as Figure B1 , but for the SPB stars. Figure C1 . Folded light curves of the 15 eclipsing binaries listed in Tabel C1. The observations of groups 1, 2, 3, 4, 5, 6 and 7 (the group number refers to the observation run IDs listed in Table 2 of the main body of the text) are respectively represented in blue, black, red, cyan, yellow, green and orange. The error bars represent the mean errors of the measurements. This paper has been typeset from a T E X/L A T E X file prepared by the author. NGC 1893 43 Figure D1 . Continued. Figure D2 . Light curves of variable stars for which a period could not be determined. The data were taken with the Xinglong 85 cm telescope in 2014.
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